INGESTION OF CARBOHYDRATES during prolonged exercise has been shown to improve performance in endurance events (8, 16, 30) , and this could be due to the maintenance of a higher rate of carbohydrate oxidation (10, 13) . Indeed, by using labeling with 13 C and 14 C, several studies have shown that exogenous carbohydrates ingested during exercise are oxidized at a high rate (16, 24, 26) . These observations have led to the development of many sports drinks containing mixtures of hexoses, dissaccharides, and glucose polymers of various lengths (22) . Recently, some manufacturers have also added lactate to sports drinks (2, 7, 15, 33) . Lactate supplementation during exercise is based on the observation that during prolonged moderate exercise carbon skeletons originating from muscle glycogen are shuttled among the working muscles under the form of lactate (5) . Most of this lactate released from one muscle appears to be oxidized within another muscle, with only a small portion being recycled into glucose by the liver (21, 32) , and the plasma lactate flux appears to be larger than the plasma glucose flux (6) . Compared with exogenous glucose provided by carbohydrates in sports drinks, exogenous lactate could have the advantages of introducing fewer disturbances in the endocrine response to exercise, to be independent of insulin for entering the working muscle fiber through a transporter distinct from that of glucose (28, 29) , and to be readily available for entering the tricarboxylic acid cycle and providing reducing equivalents. In addition, complete oxidation of the lactate ion consumes one proton. Accordingly, exogenous lactate oxidation during exercise could increase muscle buffering capacity. On the other hand, because of poor gastrointestinal tolerance (33) , lactate can be provided only in limited amounts during prolonged exercise and should be associated with other carbohydrates, such as glucose polymers, in sports drinks.
Only a limited number of studies have described the effect of ingesting lactate supplements on the metabolic response and performance during prolonged exercise (15, 33) , and no data are available on the actual metabolic fate of ingested lactate at rest or during exercise. The purpose of the present experiment was to measure the oxidation rate of exogenous lactate (25 g) ingested along with glucose (75 g) during prolonged exercise. The oxidation rate of each of the two substrates in the mixture was measured separately by using selective 13 C labeling of lactate or glucose (1), and the rate was compared with the oxidation rate of an isocaloric amount of glucose. In addition, change in plasma glucose 13 C/ 12 C ratio when [ 13 C]lactate was ingested was used to estimate the extent of possible conversion of lactate into glucose by the liver.
METHODS

Subjects.
The experiment was conducted on six active and healthy male subjects who gave their informed written consent to participate in the study, which was approved by the Institutional Board on the Use of Human Subjects in Research. Their age, weight, height, and maximal oxygen uptake (V O 2 max ) on a cycle ergometer were 21 6 1 yr, 65 6 2 kg, 172 6 2 cm, and 4.40 6 0.06 l/min, respectively (mean 6 SE). All subjects had a normal fasting plasma glucose concentration (4.71 6 0.29 mM).
Experimental protocol. V O 2 max and experimental workloads on the cycle ergometer (Ergomeca, La Bayette, France) were determined for each subject during a preliminary test session using open-circuit spirometry (1100 medical gas analyzer, Marquette Electronics, Milwaukee, WI). Subsequently, at 1-wk intervals, all subjects performed four exercises of 120-min duration at a workload corresponding to 65 6 3% V O 2 max (218.3 6 10.6 W). The exercises were performed at 1:00 P.M. in a laboratory with controlled temperature (21 6 1°C) and humidity (45 6 5%). The last evening meal [at 7:00 P.M., 1,300 kcal (55% carbohydrates, 30% fat, and 15% proteins)], the morning breakfast [at 7:30 A.M., 800 kcal (60% carbohydrates, 30% fat, and 10% proteins)], and a small snack [at 11:00 A.M., 500 kcal (50% carbohydrates, 35% fat, and 15% proteins)] were provided to the subjects. In addition, to keep a low background of 13 C enrichment of plasma glucose and expired CO 2 during the period of experiments, ingestion of carbohydrates from plants with the C 4 photosynthetic cycle, which are naturally enriched in 13 C (20), was avoided. Subjects also refrained from exercising and from drinking coffee and alcohol for 2 days before each experiment.
During the exercise period, the subjects ingested 1,000 ml of water at room temperature, containing 100 g of glucose (trial 1) or a mixture of 75 g of glucose and 25 g of lactate (trials 2 and 3). The solutions were given in five equal volumes (20 g of substrates in 200 ml) taken immediately after the beginning of exercise and at 20, 40, 60, and 80 min during the exercise period. In trials 1 and 2, the glucose ingested was artificially labeled with 13 C, whereas in trial 3 the lactate was artificially labeled with 13 C to separately measure the oxidation rate of exogenous glucose when ingested alone or in combination with lactate and the oxidation rate of lactate when ingested in combination with glucose. Glucose, naturally poor in 13 1 ) , to reduce the amount of each cation ingested. In addition, the presence of calcium and magnesium with two negative charges allowed us to somewhat reduce the osmotic pressure of the solution, which, however, remained very high (933 mM taking into account the glucose present in the solution, compared with 556 mM when 100 g of glucose were ingested). The total dose of lactate salts that could be tolerated was determined from preliminary experiments. As reported in previous studies of lactate ingestion during exercise (15, 33) , gastrointestinal discomfort was experienced by about one-half of the subjects, who developed mild diarrhea in the evening after the test. The lactate was traced with [U-13 C]-labeled sodium lactate ( 13 C/C .99%, Isotec), the final 13 C/ 12 C ratio in the mixture of lactate salts being 162.5‰ [d- 13 C]PDB 1 . Finally, to correct for the shift in 13 C background enrichment of expired CO 2 observed in response to exercise (25) , the subjects were submitted to an additional exercise session without ingestion of any exogenous substrate.
Measurements and computations. Observations were made at rest, immediately before exercise, and every 15 min during the exercise period. Carbohydrate and fat oxidation were computed from carbon dioxide production (V CO 2 ) and oxygen consumption (V O 2 ) by using open-circuit spirometry (20-and 5-min collection periods at rest and exercise, respectively). For the measurement of 13 C/ 12 C ratios in expired CO 2 , 80-ml samples of expired gases were collected and stored in vacutainers (Becton-Dickinson, Franklin Lakes, NJ). Finally, 8-ml blood samples were withdrawn through a catheter (Baxter Health Care, Valencia, CA) inserted into an antecubital vein 30 min before the beginning of experiment for the measurement of plasma glucose lactate (Sigma Diagnostics, Sigma, Mississauga, Canada), and insulin (KTSP-11001, Immunocorp Sciences, Montreal, Canada) concentrations, and for the measurement of 13 C/ 12 C ratios in plasma glucose (at 40 and 80 min only). Plasma samples were stored at 280°C until analysis.
For the measurement of glucose enrichment, glucose was extracted from plasma according to the method described and validated by Wolfe et al. (35) . The plasma (1 ml) was first deproteinized with barium hydroxide (1.5 ml, 0.3 N) and zinc sulfate (1.5 ml, 0.3 N). The soluble phase was separated from the protein precipitate by centrifugation (20 min, 3,000 g, 4°C), and the remaining protein precipitate was washed with 3 ml of distilled water. The glucose was then separated by double-bed ion exchange chromatography by running the combined supernatants (7 ml) through superposed columns (0.5 3 2 cm) of AG 50W-X8 H 1 (200-400 mesh) and (0.5 3 2 cm) of AG 1-X8 chloride (200-400 mesh) resins (Bio-Rad, Mississauga, Canada) equilibrated and eluted with distilled water. The solution obtained (,10 ml) was evaporated to dryness (Virtis Research Equipment, New York, NY). The average recovery of glucose was 86 6 3%. The glucose was then combusted for 60 min at 400°C in presence of copper oxide (20 mg), and the CO 2 recovered was analyzed by mass spectrometry. This procedure for purification of plasma glucose has been demonstrated to yield values for [ 13 C]glucose enrichment similar to those obtained using the more specific isolation procedure of plasma glucose by crystallization as potassium gluconate (35) . In the present experiment, the material obtained after evaporation was resuspended in 0.5 ml of distilled water for screening for possible contamination by nonglucose carbons. Compared with the amount of glucose present (8.2 mM), the amounts of glycerol (0.07-0.09 mM) and lactate (0-0.04 mM) present were negligible, and no proteins were detectable.
When [ 13 C]glucose was ingested (trials 1 and 2), the percentage of plasma glucose derived from exogenous glucose was computed as follows 
with mass in grams and gas volume in liters (STPD). The stoichiometry of lactate oxidation is similar to that of glucose. Accordingly, when lactate was ingested, the amount oxidized, if any, was included in the amount of glucose oxidized which was computed. Measurements of 13 C/ 12 C ratios in expired CO 2 and in CO 2 from combustion of glucose extracted from the plasma were performed by mass spectrometry (Prism, Manchester, UK) after cryodistillation, as previously described (1). The isotopic composition was expressed in per mill difference by comparison with the PDB 1 Chicago Standard
where R spl and R std are the 13 C/ 12 C ratio in the sample and standard (1.12372%), respectively (14) . The oxidation rate of exogenous substrate (m exo , g/min) was computed as follows
where V CO 2 is in liters/min STPD, R exp is the 13 C/ 12 C ratio observed in expired CO 2 , R ref is the 13 C/ 12 C ratio in expired CO 2 in the control trial, R exo is the 13 C/ 12 C ratio in the artificially labeled exogenous glucose or lactate ingested, and k (0.7426 l/g) is the volume of CO 2 provided by the complete oxidation of glucose or lactate (27) . that, in response to exercise, 13 CO 2 recovery in expired gases is complete or almost complete (11, 17, 19) . In addition, the total volume of CO 2 produced during exercise is large compared with the labile bicarbonate pool. Accordingly, the influence of this pool on the amount of exogenous glucose oxidized that is computed from 13 CO 2 recovered at the mouth can be neglected (23) . The amount of unlabeled glucose (endogenous 1 exogenous unlabeled glucose in trial 2) oxidized was computed by difference between total glucose oxidation computed from V O 2 and V CO 2 and the amount of labeled glucose or lactate oxidized computed from V 13 CO 2 at the mouth (Eq. 4). The contribution of the oxidation of the various substrates to the energy yield was computed from their respective energy potentials at 37°C [3.87, 9.75, and 3.76 kcal/g for glucose, fatty acid, and lactate, respectively (27, 34) ].
Statistics. Data are presented as means 6 SE. The main effects of time and exogenous substrate ingested (glucose vs. glucose1lactate) as well as time-substrate interactions were tested by repeated-measures analysis of variance (Statistica package). Tukey wholly significant difference tests were used to identify the location of significant differences (P # 0.05) when analysis of variance yielded a significant F ratio.
RESULTS
No significant difference was observed between the four trials for heart rate at rest before exercise (72 6 3 beats/min, n 5 18) and during the final 5 min of the exercise period (152 6 3 beats/min, n 5 18). The average V CO 2 observed was also similar during the four trials (2.44 6 0.08; 2.55 6 0.09; 2.51 6 0.08 and 2.47 6 0.09 l/min, in the control trial and in trials 1, 2, and 3, respectively). When no exogenous substrate was ingested during exercise, the 13 C/ 12 C ratio in expired CO 2 increased and reached a plateau after ,30 min of exercise (Fig. 1) . The observed increase in 13 C/ 12 C ratio was much higher and did not plateau when 13 Cenriched substrates were ingested during the exercise.
As shown in Fig. 2 , no significant difference was observed between the oxidation rate of glucose (endogenous 1 exogenous, including lactate when lactate was ingested; see METHODS) and fatty acids, respectively, when glucose or the mixture of glucose and lactate was ingested. When 100 g of glucose were ingested, the oxidation rate of exogenous glucose increased steadily and significantly from an average of 0.12 6 0.04 g/min during the first 30 min of exercise to 0.72 6 0.03 g/min during the last 30 min of exercise (Fig. 3) . When 75 g of [ 13 C]glucose were ingested along with unlabeled lactate, the oxidation rate of exogenous glucose was slightly but not significantly lower than that observed when 100 g of glucose were ingested during the first 90 min. However, this difference reached statistical signifi- . When 25 g of [ 13 C]lactate were ingested along with 75 g of glucose, the oxidation rate of exogenous lactate which was very low at the beginning of exercise (0-30 min: 0.03 6 0.01 g/min) steadily increased thereafter and reached 0.16 6 0.01 g/min between 90 and 120 min. The percentage of exogenous lactate that was oxidized over the exercise period was close to that of exogenous glucose (45 6 5 vs. 51 6 5 and 48 6 3% for 100 and 75 g of glucose, respectively). When 75 g of glucose were ingested in combination with lactate, the total amount of exogenous glucose oxidized during exercise was significantly lower than when 100 g of glucose were ingested alone (36.3 6 1.3 vs. 50.9 6  1.2 g, respectively) . However, the cumulative amount of exogenous glucose and lactate oxidized was similar to the amount of glucose oxidized that was observed when 100 g of glucose were ingested (47.3 6 1.8 vs. 50.9 6 1.2 g, respectively; Fig. 3 ). Over the exercise period, the oxidation of exogenous glucose and lactate contributed 11.1 6 2.1% to the energy yield, compared with 10.9 6 1.7% for 100 g of exogenous glucose (not significantly different). On the other hand, the contribution of exogenous lactate oxidation to the energy yield was significantly lower (2.6 6 0.4%).
Plasma glucose concentration remained stable throughout the exercise period, and no significant difference was observed between trial 1 (100 g of glucose) and trials 2 and 3 (75 g of glucose 1 25 g of lactate; Fig. 4 ). Plasma lactate concentration also remained stable at ,1.5 mM during the exercise period when glucose alone was ingested and was slightly but not significantly higher when the mixture of glucose and lactate was ingested. The small and not significant decrease in plasma insulin concentration in response to exercise was similar with ingestion of glucose and the mixture of glucose and lactate.
Resting plasma glucose 13 C/ 12 C ratio was similar in the three trials (221.8 6 0.45‰ [d- 13 C]PDB 1 ; pooled data, n 5 18; Fig. 5 ). Ingestion of [ 13 C]glucose alone or in combination with unlabeled lactate during exercise resulted in significant rises in plasma glucose 13 C/ 12 C ratio. When 75 g of glucose were ingested, the percentage of plasma glucose deriving from exogenous glucose was slightly lower than when 100 g of glucose were ingested at 40 min (39 6 3 and 47 6 5%, respectively), and this difference reached statistical significance at 80 min during the exercise (51 6 5 and 61 6 6%, respectively). When [ 13 C]lactate was ingested along with unlabeled glucose, no significant change was observed in plasma glucose 13 C/ 12 C ratio (Fig. 5) .
DISCUSSION
Results from the present experiment indicate that, during prolonged exercise, about one-half of the exogenous lactate ingested in the form of a mixture of various salts was oxidized. This percentage was similar to that observed when exogenous glucose was ingested. However, the amount of lactate that could be ingested without intestinal discomfort was much smaller than that of exogenous glucose. Accordingly, lactate ingestion did not significantly modify the metabolic response to exercise, including plasma lactate concentration, and the rate of exogenous lactate oxidation and its contribution to the energy yield remained small. Finally, no significant amounts of exogenous lactate appeared to be converted into glucose before being oxidized. This observation suggests that direct oxidation was the predominant metabolic fate of the exogenous lactate that was absorbed from the gastrointestinal tract.
The rate of lactate ingestion that was tolerated with minor intestinal discomfort by the subjects in the present experiment (4.3 mg · kg 21 · min 21 ) was larger (15) (1.6 and 2.6 mg · kg 21 · min 21 , respectively) but remained well below the rate of ingestion of glucose (13-17 mg · kg 21 · min 21 ). Much higher ingestion rates of glucose or glucose polymers have actually been reported without any major gastrointestinal discomfort in some previous studies (50-95 mg · kg 21 · min 21 ; Refs. 3, 9, 13). The adverse effects of lactate on the gastrointestinal function is related to the much higher osmolality of lactate salt solutions compared with those of isocaloric carbohydrate solutions, particularly when ingested in the form of polymers, both because of the smaller molar mass of lactate and because of the presence of positively charged molecules and/or ions associated with the lactate anion.
This high osmolality of lactate solutions, which severely limits the amounts that can be administered orally, appears to be the major drawback for their use as energy supplements in sports drinks. In fact, except for the small increase in plasma pH and bicarbonate concentration reported by Fahey et al. (15) , the limited amounts of lactate that can be ingested have no noticeable effect on the endocrine and metabolic response to exercise. In the studies by Fahey et al. (15) and by Swensen et al. (33) , the response of plasma insulin, glucose, free fatty acid, and glycerol concentrations to exercise was similar when glucose polymers and a mixture of glucose polymers and lactate was ingested in isocaloric amounts. In addition, there was no effect of lactate ingestion on the response of plasma lactate concentration in both studies. Results from the present experiment are in line with these previous findings: compared with the observation made when 100 g of glucose were ingested, ingestion of the mixture of glucose (75 g) and lactate (25 g) did not significantly modify plasma glucose and insulin concentration or significantly increase plasma lactate concentration. The lack of effect of lactate ingestion on plasma lactate concentration during exercise could be due to the fact that the amount of lactate ingested remains small compared with the large plasma lactate turnover observed during exercise (5) . It also suggests that lactate might not be absorbed from the gastrointestinal tract in significant amounts.
In the present experiment, the increase in 13 C/ 12 C ratio in expired CO 2 after [ 13 C]lactate ingestion con- firms that at least a portion of the lactate ingested during prolonged exercise was actually absorbed from the gastrointestinal tract and was available for oxidation. The amount of 13 CO 2 recovered at the mouth indicates that 11.1 6 0.5 g of the lactate ingested was oxidized or 45 6 5% of the load. When 100 g of glucose were ingested alone or when 75 g of glucose were ingested in combination with 25 g of lactate, the percentages of the glucose loads that were actually oxidized were not significantly different (51 6 5 and 48 6 3%). However, the much larger amounts ingested without any gastrointestinal disturbance or discomfort translated into much larger amounts oxidized (50.9 6 1.2 and 36.3 6 1.3 g over the entire period of exercise). As a consequence, the contribution of exogenous glucose oxidation to the energy yield, which ranged between 8.4 6 1.9 and 11.4 6 2.1%, as previously reported (1) was much higher than that observed with exogenous lactate (2.6 6 0.4%). The small contribution of exogenous lactate ingested orally during exercise to the energy yield, which is due to its poor gastrointestinal tolerance, probably explains why this energy supplement has not been shown to improve endurance performance (33) .
Two major pathways exist for the oxidation of plasma lactate during prolonged exercise. The first pathway is the direct oxidation of lactate that can occur in any tissue where oxygen in consumed, including exercising muscles and the heart (4). The second pathway involves the conversion of lactate into glucose, which mainly occurs in the liver. The neoformed glucose could, in turn, be released into the blood and could be oxidized in peripheral tissues (4) . Data from Mazzeo et al. (21) and Stanley et al. (31) suggest that lactate released from exercising muscles during prolonged exercise is oxidized mainly in other tissues, with only a small portion being converted into glucose in the liver (,20%). Results from the present experiment are in line with these data and suggest that oral lactate is also probably directly oxidized without being first converted into glucose. When [ 13 C]glucose was ingested, the large increase in plasma glucose 13 . In contrast, when [ 13 C]lactate was ingested, the plasma glucose 13 C/ 12 C ratio remained unchanged from preexercise value. This observation suggests that only a small portion, if any, of the lactate ingested was converted into glucose before being oxidized, and, accordingly, that exogenous lactate did not significantly contribute to the maintenance of plasma glucose through gluconeogenesis.
